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In t roduct ion  

Vast d e p o s i t s  of high s u l f u r  caking c o a l s  found i n  t h e  e a s t e r n  and midwestern 
United S t a t e s  can be converted t o  c lean  gaseous energy by g a s i f i c a t i o n .  I n  t h e  
1980's many coa l  g a s i f i c a t i o n  p l a n t s  are expected t o  be cons t ruc ted  i n  the United 
S t a t e s  t o  produce a high-Btu gas  a s  a supplement t o  t h e  dwindl ing supply of n a t u r a l  
gas. One important  c o n s i d e r a t i o n  i n  the  development of a c o a l  g a s i f i c a t i o n  process  
i s  t h e  a c c e p t a b i l i t y  of v a r i o u s  c o a l  feedstocks.  
p rocess  f o r  t h e  manufacture of high-Btu gas  from coal .  
t h e  c a p a b i l i t y  of us ing  t h e  SYNTHANE process  f o r  t h e  g a s i f i c a t i o n  of t h e  mi ld ly  
caking h igh  s u l f u r  c o a l  from Iowa. 
r e s e r v e s  ( 7 . 2  x 10 t o n s )  (1) b u t  is a l s o  convenient  t o  t h e  l a r g e  energy markets  of 
t h e  Midwest. The Iowa c o a l  f o r  t h i s  s tudy is from t h e  Iowa Coal P r o j e c t  Demonstra- 
t i o n  Mine 111 of Iowa S t a t e  Univers i ty .  This c o a l  bed is loca ted  i n  t h e  southwest  
corner  of Mahaska County and i s  p a r t  of t h e  Cherokee Group. 

The SYNTHANE process  is  one such 
This r e p o r t  demonstrates  

This  c o a l  is n o t  on ly  p r e s e n t  i n  s u b s t a n t i a l  9 

Experimental Equipment 

A schematic f low diagram of t h e  SYNTHANE PDU g a s i f i c a t i o n  system is  shown i n  f i g u r e  
1. This  system combines t h e  s t e p s  of f luidized-bed pre t rea tment ,  f r e e - f a l l  carboni-  
z a t i o n  and f luidized-bed g a s i f i c a t i o n .  The p r e t r e a t e r  is a n  8-foot long,  3/4-inch 
diameter  p i p e  wi th  a 2-1/2-foot long,  1-inch diameter  expanded zone. Both s e c t i o n s  
of p ipe  are schedule  80 and made of 304 s t a i n l e s s  steel. The p r e t r e a t e r  is enclosed 
by f o u r  i n d i v i d u a l l y  c o n t r o l l e d  h e a t e r s  t h a t  supply h e a t  f o r  s t a r t u p  and t o  counter  
r a d i a t i o n  l o s s e s .  
p i p e  made of  304 s t a i n l e s s  steel loca ted  d i r e c t l y  above t h e  g a s i f i e r .  E l e c t r i c  
h e a t e r s  surrounding t h e  carbonizer  maintain t h e  temperature  a t  1000° F.  
i s  a 6-foot long,  4-inch diameter  schedule  40 p i p e  made of 310 s t a i n l e s s  s t e e l .  
Surrounding t h e  g a s i f i e r  i s  a 10-inch schedule  40 p i p e  made of 304 s t a i n l e s s  s teel  
which acts as a p r e s s u r e  s h e l l .  I n  t h e  annulus  t h r e e  i n d i v i d u a l l y  c o n t r o l l e d  
e l e c t r i c  h e a t e r s ,  wrapped i n  a 2-inch t h i c k  b lanket  of i n s u l a t i o n ,  supply h e a t  f o r  
s t a r t u p  and t o  counter  r a d i a t i o n  lo s s  dur ing  opera t ion .  A 1/8- inch pipe e n t e r i n g  
t h e  base  of t h e  g a s i f i e r  s e r v e s  as t h e  gas  d i s t r i b u t o r .  A thermowell made of 3/8- 
i n c h  pipe l o c a t e d  i n  t h e  c e n t e r  of t h e  g a s i f i e r  extends from 1-inch above t h e  gas  
d i s t r i b u t o r  t o  t h e  top of t h e  carbonizer .  Twelve thermocouples i n s e r t e d  i n t o  t h e  
thermowell d e t e c t  i n t e r n a l  temperatures  from t h e  base  of t h e  g a s i f i e r  t o  t h e  t o p  of 
t h e  carbonizer .  A v a r i a b l e  speed e x t r a c t o r  screw l o c a t e d  a t  t h e  base  of t h e  g a s i f i e r  
maintains  t h e  bed he ight  by removing reac ted  char .  The r a w  product  gas l e a v i n g  t h e  
t o p  of t h e  g a s i f i e r  i s  f i l t e r e d  t o  remove f i n e  p a r t i c l e s  and cooled i n  a series of 
two water- jacketed condensers. Ef f luent  water and tar are c o l l e c t e d  i n  a r e c e i v e r .  
The dry gas  is then  analyzed by mass spec t romet r ic  and chromatographic methods 
p r i o r  t o  meter ing t h e  f low r a t e .  

The carbonizer  is a 6-foot long,  10-inch diameter  schedule  40 

The g a s i f i e r  

Experimental Procedure 

The caking Iowa c o a l  ( a n a l y s i s  shown i n  t a b l e  1) w a s  crushed and s i z e d  t o  a n  average 
s i z e  of 240 microns with a U.S. Standard mesh range of 20 X 0. The pulver ized  c o a l  
w a s  fed t o  t h e  base  of t h e  p r e t r e a t e r  under p r e s s u r e  (40 atm) a t  a r a t e  of about  20 
l b / h r .  The c o a l  then moved through t h e  p r e t r e a t e r  i n  a f l u i d i z e d  s t a t e  wi th  n i t r o g e n  

197 



I GOAL 

I pretreater 1.1 \ 

heater Gas 4 
<:- 
<-- 

I. 'I N i t r o g e n d  

Water ---)I 

generator Steam fj -:: 
.:I 

<I' <-- 

Extractor 

..... .... 

Oxygen 
analyzer 

Figure I- SYNTHANE PDU GASIFIER. 

10/6/76 L-15077 

198 



and oxygen. The p r e t r e a t i n g  condi t ions  were t h e  same as those  developed f o r  t h e  
pre t rea tment  of I l l i n o i s  No. 6 c o a l  a s  r e p o r t e d  by Gasior  (2) .  The decaked c o a l  
emptied from t h e  top  of t h e  p r e t r e a t e r  and w a s  g r a v i t y  fed  i n t o  t h e  g a s i f i e r  through 
t h e  carbonizer ,  countercur ren t  t o  t h e  e x i t i n g  product  gas .  A mixture  of steam and 
oxygen e n t e r i n g  t h e  base  of t h e  g a s i f i e r  provided both  t h e  r e a c t a n t  and f l u i d i z i n g  
gases .  G a s i f i e r  temperatures  w e r e  maintained by vary ing  t h e  f low rate  of  oxygen t o  
t h e  r e a c t o r .  A f luidized-bed he ight  of about  68 inches  was maintained by a d j u s t i n g  
t h e  char  e x t r a c t i o n  r a t e  t o  co inc ide  wi th  t h e  c o a l  feed  and g a s i f i c a t i o n  rates. 

Discussion and R e s u l t s  

The opera t ing  condi t ions  and r e s u l t s  f o r  t h e  t h r e e  experimental  g a s i f i c a t i o n  t e s t s  
a r e  shown i n  t a b l e  2 .  
l b / h r ,  which are equiva len t  t o  c o a l  throughputs  of 37.4 t o  42.4 l b / h r  f t  of g a s i -  
f i e r  volume. Average gas  i n p u t s  of 0 . 3 5  l b  oxygen/lb c o a l  and 1.8 l b  s team/ lb  c o a l  
r e s u l t e d  i n  a s u p e r f i c i a l  gas  v e l o c i t y  of 0.29 f t / s e c  a t  40 atmospheres p r e s s u r e  i n  
t h e  4-inch g a s i f i e r .  No d i f f i c u l t y  w a s  experienced i n  main ta in ing  temperature  
c o n t r o l  i n  t h e  f luidized-bed wi th  the  average of t h e  maximum g a s i f i e r  tempera tures  
ranging from 1761°. to  1832' F, and no s l a g - s i n t e r i n g  problems occurred at peak 
g a s i f i e r  temperatures  of 1850" F. 

The r e s u l t s  of t h e  t h r e e  tests showed t h a t  carbon conversions ranged from 77.0 t o  
80.2 percent  and steam conversions o r  decomposition ranged from 14 .3  t o  16.9 percent .  
Raw gas  a n a l y s i s  showed t h a t  t h e  hydrogen s u l f i d e  y i e l d  was 0.77 SCF/lb c o a l ,  maf, 
f o r  t h e  8 percent  s u l f u r  c o a l ,  while  product  gas  y i e l d s  (H2 + CO + CH4 + C H6) 
averaged 13.6 SCF/lb c o a l ,  maf, wi th  equiva len t  methane y i e l d s  (CH4 + C2H6? ranging  
from 3.45 t o  3.60 SCF/lb coa l ,  maf. 

Comparing test r e s u l t s  us ing  Iowa c o a l  t o  similar test  r e s u l t s  us ing  I l l i n o i s  N o .  6 
c o a l ,  as repor ted  by Forney ( 3 ) ,  the  Iowa c o a l  r e s u l t s  showed h igher  carbon conversions 
(78.6 VS. 71.8 percent ) ,  lower product  gas  y i e l d s  (13.6 v s  14.9 SCF/lb c o a l ,  maf) 
and h igher  hydrogen s u l f i d e  y i e l d s  (0.77 vs .  0.36 SCF/lb c o a l ,  maf). The h i g h e r  
temperature  accounted f o r  t h e  h igh  carbon conversion whi le  t h e  high s u l f u r  conten t  
of t h e  c o a l  r e s u l t e d  i n  h igh  hydrogen s u l f i d e  y i e l d s  and s l i g h t l y  lower hydrogen 
y i e l d s .  The high steam t o  c o a l  r a t i o  (1.8/1) r e s u l t e d  i n  a h igh  hydrogen t o  carbon 
'monoxide r a t i o  ( 3 . 3 / 1 ) .  Calcula t ions  i n d i c a t e  t h a t  s h i f t  e q u i l i b r i u m  f o r  a l l  tests 
is  achieved between t h e  average temperature  and t h e  temperature  a t  t h e  top  of t h e  
bed. The high hydrogen t o  carbon monoxide r a t i o  would e l i m i n a t e  t h e  need f o r  a 
s h i f t  r e a c t o r  and can be c o n t r o l l e d  t o  g i v e  t h e  d e s i r e d  r a t i o  f o r  methanat ion 
(~3.05/1) by a d j u s t i n g  t h e  steam t o  c o a l  r a t i o .  

Table  3 shows t h e  d i s t r i b u t i o n  of s u l f u r  forms i n  t h e  c o a l  and char .  S u l f u r  forms 
a r e  determined by e x t r a c t i o n  of t h e  c o a l  and char  samples wi th  hydrochlor ic  and 
n i t r i c  a c i d s .  The a n a l y s i s  and a weight ba lance  between t h e  c o a l  f e d  and char  
produced i n d i c a t e s  that most of t h e  s u l f u r  i n  t h e  c o a l  is converted t o  hydrogen 
s u l f i d e  and t r a c e  s u l f u r  compounds i n  t h e  gas  and t a r .  
t h e  s u l f a t e  s u l f u r ,  0 . 3  weight percent  of p y r i t i c  s u l f u r  and 26.9 percent  of t h e  
organic  s u l f u r  found i n  t h e  c o a l  remain i n  t h e  c h a r  a f t e r  g a s i f i c a t i o n .  P y r i t i c  
s u l f u r  is e a s i l y  removed by i t s  r e a c t i o n  wi th  hydrogen.(4) The s u l f a t e  s u l f u r  i s  
a l s o  converted t o  hydrogen s u l f i d e .  

A s  shown i n  t a b l e  4 ,  t h e r e  a r e  a number of t r a c e  s u l f u r  compounds i n  a d d i t i o n  t o  
t h e  l a r g e  q u a n t i t i e s  of hydrogen, carbon monoxide, carbon d ioxide ,  methane, e thane  
and hydrogen s u l f i d e  produced i n  t h e  g a s i f i e r .  
from t h e  product gas by cryogenic  d i s t i l l a t i o n  and by measured mass spec t romet r ic  
a n a l y s i s .  The product  gas  conta ins  3 . 2  volume percent  s u l f u r  compounds and would 
r e q u i r e  a s u l f u r  c l e a n  up p r i o r  t o  methanation. 

Coal feed  r a t e s  f o r  t h e s e  tests ranged from 17 .6  50 19.9 

About 0.7 weight  percent  of 

These t r a c e  compounds are s e p a r a t e d  
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The a n a l y s i s  and f u s i b i l i t y  of a s h  f o r  Iowa c o a l  and char  are shown i n  t a b l e  5 .  
t a i n  compounds contained i n  t h e  a s h  of c o a l s  undoubtedly c o n t r i b u t e  t o  t h e  carbon 
conversion,  g a s i f i c a t i o n  r a t e s ,  t h e  q u a n t i t y  and t h e  q u a l i t y  of gas  produced. ( 2 ,  5 ,  6)  
According t o  Grossman (7 )  and Ely (8) i r o n  is t h e  major c o n t r i b u t o r  i n  lowering t h e  
f u s i o n  temperature  of c o a l  a s h  under reducing condi t ions .  Gasior (2)  a l s o  found t h a t  
c o a l s  having t h e  g r e a t e s t  percentage of calcium and magnesium compounds have t h e  lowest  
s i n t e r i n g  temperature. R e s u l t s  of t h e s e  Iowa c o a l  g a s i f i c a t i o n  tests appear  t o  confirm 
t h e s e  f i n d i n g s  s i n c e  no s i n t e r i n g  w a s  observed. 

The major e f f l u e n t  problem a s s o c i a t e d  wi th  t h e  steam-oxygen g a s i f i c a t i o n  of Iowa 
c o a l  is t h e  unreacted steam l e a v i n g  t h e  g a s i f i e r  a s  contaminated water  condensate. 
The a n a l y s i s  of t h i s  water is shown i n  t a b l e  6 a long  w i t h  a coke p l a n t  water  a n a l y s i s  
f o r  comparison. The amounts of t h e  contaminants  vary  g r e a t l y ,  b u t  t h e  cjlanide and 
th iocyanate  conten t  of the g a s i f i c a t i o n  e f f l u e n t  is much smaller than i n  t h e  coke 
p l a n t  e f f l u e n t  while t h e  phenol and COD conten t  are g r e a t e r .  It i s  be l ieved  t h a t  
t h e  h igh  steam p a r t i a l  p r e s s u r e  i n  t h e  SYNTHANE g a s i f i e r  causes  conversion of 
n i t r o g e n  compounds t o  ammonia. Coke p l a n t  water  p o l l u t i o n  has  been a l l e v i a t e d  t o  
some exten t  (9), b u t  some problems s t i l l  remain. The Iowa c o a l  e f f l u e n t  water  
a n a l y s i s  shows no s i g n i f i c a n t  d i f f e r e n c e  from o t h e r  r e p o r t e d  ana lyses  of SYNTHANE 
e f f l u e n t  waters .  (10) 

A c o a l  t a r  byproduct is a l s o  produced from t h e  g a s i f i c a t i o n  of Iowa c o a l .  This t a r  
l e a v e s  t h e  g a s i f i e r  a s  a vapor w i t h  t h e  unreac ted  steam and i s  e a s i l y  separa ted  
from t h e  e f f l u e n t  water condensa te  by decant ing .  The t a r  i s  heavier  than  water and 
n e g l i g i b l e  amounts of a l ighter- than-water  phase a r e  produced. 
a n a l y s i s  and phys ica l  p r o p e r t i e s  of t h e  tar  produced. For t h e  g a s i f i c a t i o n  of Iowa 
c o a l ,  t a r  y i e l d s  averaged 7 . 3  percent  of t h e  c o a l  f e d ,  compared t o  4.0 percent  f o r  
I l l i n o i s  No. 6 coal .  Gasior  (2)  and Nakles (11) have found t h a t  feeding t h e  coa l  
below the  top of t h e  f lu id ized-bed  can  s i g n i f i c a n t l y  reduce t h e  tar y i e l d .  A 
simulated ASTM d i s c i l l a t i o n  of t h i s  tar shows t h a t  less than 50 percent  of the  t a r  
b o i l s  below 940" F. The h igh  percentage of s u l f u r  ( 3 . 2 % ) ,  however, could d r a s t i c a l l y  
l i m i t  t h e  d i r e c t  use  of t h e s e  tars as a f u e l .  With an e f f e c t i v e  d e s u l f u r i z a t i o n  
process ,  t h e  d e s u l f u r i z e d  tar could be used as a nonpol lu t ing  b o i l e r  f u e l  o r  a n  o i l  
r e f i n e r y  feeds tock .  

Cer- 

Table 7 shows t h e  

Conclusions 

O v e r a l l  r e s u l t s  from an e x p l o r a t o r y  s tudy  t o  g a s i f y  a mi ld ly  caking, h igh  s u l f u r  
Iowa coa l  i n  t h e  SYNTHANE PDU g a s i f i e r  have shown t h a t  carbon conversions of 80 
percent  and steam convers ions  of 16  p e r c e n t  can be achieved a t  avera  e maximum 
g a s i f i e r  temperatures  of 1832' F and c o a l  throughputs  of 40 l b / h r  f t  . These 
r e s u l t s  confirm publ i shed  f i n d i n g s  t h a t  c o a l s  having t h e  l a r g e s t  amount of calcium 
and magnesium compounds have  t h e  lowest  s i n t e r i n g  temperatures  and t h a t  t h e  amount 
of  s u l f u r  i n  t h e  tar and gaseous products  is g e n e r a l l y  r e l a t e d  t o  t h e  amount of 
s u l f u r  i n  t h e  coa l .  The e f f l u e n t  water  shows no s i g n i f i c a n t  d i f f e r e n c e  from o t h e r  
SYNTHANE g a s i f i e r  condensates ,  and is genera l ly  similar t o  coke-oven byproduct 
w a t e r .  
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Table 1. - Analys is  and f ree-swel l ing  index of Iowa c o a l  

Class High-Volati le C 

Analysis (as r ece ived) ,  % 

Moisture 

V o l a t i l e  Matter 

Fixed carbon 

Ash 

Hydrogen 

Carbon 

Nitrogen 

oxygen 
S u l f u r  

Free-swelling index 

2.9 

36.2 

41.2 

19 .7  

4 . 4  

59.2 

0.8 

8.0 

7.9 

1 . 5  



Table 2. - Operat ing condi t ions  and r e s u l t s  f o r  Iowa c o a l  g a s i f i c a t i o n  
tests i n  a f luidized-bed a t  40 atmospheres p r e s s u r e  

Test  No. 209 

Operat ing time, h r s .  6.0 

Coal feed  rate, l b / h r  17.6 

l b / h r  f t 3  g a s i f i e r  37.4 

Bed he ight ,  i n .  68.4 

Steam rate, l b / h r  35.3 

Oxygen rate, SCFH 75.5 

Temperature, OF 

peak 1844 

average  maximum 1761 

average  1664 

t o p  of bed 1572 

avg. max. temp., f t / s e c  0.28 
S u p e r f i c i a l  gas  v e l o c i t y  a t  

Yie lds  and conversions 

Carbon conversion,  

Steam decomposition, 
weight  percent  14.3 

Product  g a s  - 
y i e l d ,  SCF/lb c o a l ,  maf 13.7 

weight percent  80.2 

1/ 

21 Equivalent  m e t h a n e  
y i e l d ,  SCF/lb c o a l ,  maf 3 .60  

Tar y i e l d ,  % of coal- 
fed  7.6 

3/  

Product g a s  a n a l y s i s ,  d ry ,  
N2 f r e e  ( X )  

H2 
co 

33.6 

9.2 

11.9 

40.7 
CH4 

c02 

C2H6 

H2S 

- 1 / H 2  + CO + CH4 + C2H6. 

1 .4  

3.2 

210 

6.0 

19.5 

67.0 

67.9 

35.1 

81.5 

1850 

1832 

1691 

1576 

0.29 

77 .O 

15.4 

13.5 

3.53 

7.0 

211 

6 .0  

19.9 

68.0 

68.0 
35.3 

76.9 

1850 

1832 

1702 

1601 

0.29 

78.6 

16.9 

13.6 

3.45 

7.4 

33.2 33.7 

10.3 10.7 

12.1 11.9 

39.8 39 .1  

1.4 1 . 4  

3.2 3.2 

%H4 + C2H6. 

- 3/As r e c e i v e d  a f t e r  a i r  drying.  
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Table 3. - D i s t r i b u t i o n  of s u l f u r  forms i n  Iowa c o a l  
and char  and t h e  s u l f u r  conversion 

S u l f a t e  P y r i t i c  Organic 

% S i n  Coal 0 .41  5.18 2.35 

% S i n  Char 0 .01 0.05 2.55 

l b  c h a r f l b  c o a l  0.29 0.28 0.26 

% Converted 99.3 99.7 73.1 

11 Table 4. - Trace components i n  dry  product  gas- from t h e  f l u i d i z e d -  
bed g a s i f i c a t i o n  of Iowa c o a l  wi th  steam and oxygen a t  

40 atmospheres p r e s s u r e  

T e s t  No. 209 210 

Hydrogen S u l f i d e  11,040 12,000 

Carbonyl s u l f i d e  250 

Methyl mercaptan <5 

Thiophene <5 

Sulfur  d i o x i d e  - 
Benzene 100 

Toluene 100 

Xylene - 
- 1 / A l l  va lues  i n  ppm by volume. 
- ZfNot determined. 

250 

<5 

<5 

21 N .D .- 
21 N.D.- 

11 Table 5. - Analys is  and f u s i b i l i t y  of ash- of Iowa c o a l  and char  

Major Elements i n  Ash 

SiOz 

A1203 

FeZ03 

Ti02 

C a O  

MgO 
Na20 

Coal, % 

35.4 

14.0 

39.5 

0.8 

3.6 

0.4 

1 . 3  

Char, % 

34.1 

14.7 

44.0 

0.6 

2.8 

0.3 

0.4 

0.9 0 .7  K2° 
so3 1 .5  0 .1  

F u s i b i l i t y  of ash ,  O F  

I n i t i a l  deformation temp. 1900 1930 

Sof ten ing  temperature  1950 1980 

Flu id  temperature  2040 2030 

- 1 / S t a f f ,  O f f i c e  Direc tor  of Coal Research Methods of Analyzing and Tes t ing  
Coke and Coal, BuMines Bull .  638, 1967, 82 pp. 
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11 Table 6. - E f f l u e n t  water analysis-  from t h e  f lu id ized-bed  
g a s i f i c a t i o n  of Iowa c o a l  wi th  steam,$nd 

oxygen a t  40 atmospheres pressure2' 

Test No. 

PH 
Suspended s o l i d s  

Phenol 

COD 

TOC 

Thiocyanate  

Cyanide 

Chlor ide  

Amnonia 

209 

9.0 

6 

2060 

14500 

4600 

108 

0.029 

22 

N . D . ~  

11Standard method f o r  t h e  examination of water and waste  w a t e r  - 
according t o  t h e  American Publ ic  Heal th  Associat ion;  American 
Water and Waste Water Associat ion,  and Water P o l l u t i o n  Control 
Federa t ion ,  1 3 t h  Edi t ion ,  1971. 

- 21All v a l u e s  i n  ppm except  pH. 
- 3/Not determined.  

210 

9.2 
16 

2340 

17400 

4970 

129 

0.027 

40 

N.D.- 31 

211 

9.1 
1 5  

2180 

16800 

4850 

135 

0.122 

118 

N . D 7  31 

Coke P l a n t  

9.0 
50 

2000 

7000 

N.D.- 

1000 

100 

N.D.- 

5000 

31 

31 

Table 7. - Product  tar a n a l y s i s  and p h y s i c a l  p r o p e r t i e s  of dewatered 
tar  from t h e  f luidized-bed g a s i f i c a t i o n  of Iowa c o a l  

w i t h  steam and oxygen at  40 atmospheres 

Tes t  No.  210 211 

11 Ultimate a n a l y s i s  of t a r , -  
weight  percent  

C 83.7 

6.6 

0.9 

S 3.2 

0 5.6 

HZ 

N2 

83.8 

6.4 

1.0 

3 .2  

5 .6  

Benzene i n s o l u b l e s ,  weight percent  0.8 1.1 

V i s c o s i t y ,  ssu @ 1800 FL' 132 152 

S p e c i f i c  Gravi ty  @ 60/60° FA' 1.151 1.150 

ASTM D i s t i l l a t i o n ,  weight percent  
b o i l i n g 1  OF 48.81940' 40.2/928° 

- l/ASTM D271. 
2/ASTM D88. - 
- 3lASTM D70. 
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